The omega-3 fatty acid (n-3 FA) content of broiler tissues can be increased through dietary supplementation of hens with n-3 FA-rich microalgae. The aim of this study was to evaluate the effect of three different dietary inclusion levels of a docosahexaenoic acid (DHA)-rich microalgae (AURA) on broiler performance and the enrichment of tissues with n-3 FA. The randomized study was conducted using 352 birds, housed in 32 pens with 11 birds per pen. Pens were randomly assigned to one of four treatments, with each treatment replicated 8 times. The treatments included one unsupplemented control (0%) and three wheat-soya based experimental diets supplemented with AURA at a level of 0.5%, 1.5% and 2.5% for the starter, grower and finisher periods. Birds were weighed on days 0, 10, 24, 35 and 41, and feed intake was recorded per pen. On day 41, five birds per treatment were euthanized and individually weighed. Thigh muscle, breast muscle, liver, kidney and skin samples were taken post-mortem, freeze dried and DHA content quantified, following fat extraction and methylation, by GC-FID (AOAC 996.06 method). Performance and tissue data were analyzed by ANOVA with Dunnett's (2-sided) post-hoc test to determine the differences between the mean values for each treatment. Dietary supplementation with AURA had no effect on body weight or feed intake during any period of the study. For thigh muscle, kidney and skin the DHA increased linearly (P < 0.05) with increasing level of dietary AURA, whilst there was a quadratic response in uptake of DHA in breast muscle and liver. The study demonstrated the potential of efficiently enriching broiler meat and organs with DHA by feeding AURA.
Introduction
Consuming adequate amounts of omega-3 fatty acids (n-3 FA) can reduce the risk of various diseases including cardiovascular disease and depressive disorders [1] [2] [3] . However, Western diets are deficient in n-3 FA and high in omega-6 fatty acids (n-6 FA), with a ratio of 15-20/1 n-6/n-3 compared to a more favorable 1/1 ratio [4] . In recent years, this negative trend to a high n-6:n-3 ratio has being observed on a global basis and no longer a "Western" phenomenon, with reports of an urban Indian population consuming a diet with 38-50:1 n-6:n-3 [5] and concomitantly witnessing a sharp rise in obesity, diabetes and coronary heart disease [6] [7] . This is mainly due to a dietary shift to cereal grains and vegetable oils and a reduction in the consumption of green leafy vegetables, fruits, seeds and nuts [4] . Beyond the simple ratio the n-3 FA have important physiological roles in the human body. Docosahexaenoic (DHA) is one such n-3 FA which is essential for reproduction (production and protection of gametes) and early infant brain and nervous system development [8] . In adults, increased DHA intake has been linked to reduced heart disease, cardiac arrhythmia, atherosclerosis, diabetes and reduced risk of colon, prostate and breast cancers [9] , [10] . However, in many countries daily n-3 FA consumption falls below the recommended level of 400 -1000 mg [11] [12] [13] . To address this deficiency, increasing human consumption of n-3 FA through the enrichment of commonly consumed foods, especially those foods derived from livestock and poultry production, has become the focus of much research [14] .
Due to the simplicity of modifying FA composition of animal meat, milk or eggs through the diet, early attempts focused on two strategies, either through supplementation with fish meal or fish oils to provide EPA and DHA directly or alternatively to supplement flaxseed as a source of alpha linoleic acid (ALA n-3) [15] . However, there are drawbacks to both strategies which have impeded progress. Initially fishmeal and fish oil were considered expensive ingredients to use in the diets of agricultural species and more recently there are sustainability questions as to continued use, but more compelling for the consumer are the concerns regarding these ingredients imparting a "fishy" taste to the tissue [16] .
Furthermore, the reduction in oxidative stability of both the feed and enriched animal tissue means a reduction in shelf-life with concerns for the distribution chain stakeholders and final consumer [17] [18] .
Flaxseed can be a good source of omega-3, however it is required in higher doses which cause issues for formulators due to dilution of other nutrients in the feed and changes in processing quality when pelleting and crumbling, for example. Moreover, the addition of a high percentage of flaxseed in the diet has been [19] .
In recent years, research has focused on the use of marine heterotrophic microalgae as a source of DHA, such as those found at the base of the pelagic food chain. Rymer and coworkers [20] concluded that the algae Schizochytrium (DHA Gold) was as effective as fish oil in enriching broiler meat with omega-3, without changing oxidative stability and without the negative organoleptic
properties. The use of microalgal oil has similar limitations as the use of fish oil in terms of oxidative stability and the ability to use in broiler feeds is restricted to a post-pellet application. Our research group has investigated the transfer efficiency of DHA from an unextracted heterotrophically grown Aurantiochytrium limacinum microalgal biomass to dairy milk [21] [22], pork meat and fat [23] [24] and laying hen eggs [25] [26] . For this study, the microalgal biomass was produced, following scale up from a pure culture, in a fed-batch production fermenter with a variable glucose feed and a fixed feed of urea and micronutrients. The culture was grown at 30˚C for approximately 72 hours under sterile conditions. After adequate growth the content was harvested by centrifugation and concomitantly spray-dried to achieve approximately 67% crude fat, 16%
DHA and 2% dry matter final product. Heterotrophic fermentation in a low salt media has been demonstrated to produce a microalgal biomass which protects the DHA and allows the ingredient to be added to feeds that undergo conditioning and pelleting, an essential part of modern broiler diet production [27] .
The aim of the study was to evaluate the efficacy of the dietary inclusion of an unextracted Aurantiochytrium limacinum biomass, on the enrichment of select edible broiler chicken tissues, including breast meat, thigh meat, liver, kidney and skin with adhering fat.
Materials and Methods

Animals and Housing
The research protocol and animal care were in accordance with European Union Directive 2010/63/EU covering the protection of animals used for experimental or other scientific purposes. study. Pens were randomly assigned to one of four dietary treatments, with each treatment replicated 8 times (11 birds per pen). Each chick was marked with permanent color to feathers to identify the treatment but not the individual animal. A veterinarian checked the health of the chicks at the beginning of the trial. The birds were observed twice a day. Chicks with compromised health were excluded from the trial. The temperature of the barn was raised to 32˚C two days before chicks arrived. Luminosity was adjusted to 20 lux and air humidity was adjusted according to recommendations. Brooder lamps were adjusted to provide extra heating to the chicks during the first week. The temperature was gradually decreased to 22˚C over the rearing period. Temperature, ventilation and humidity was monitored and recorded throughout the experiment on a daily basis. The dark hours were gradually increased within a week, so that light-dark cycle was 18 hours light and 6 hours dark daily. The standard temperature and lighting program were followed.
Dietary Treatments
The diet was wheat-soy based feed for broiler chicks as specified in the Table 1 .
The starter formulation was fed during the first 10 days, grower diet for days 10 - 
Performance
Performance observations included live weight (d0, 10, 24, 35 and 41), feed intake (pen) and daily mortality. The feed conversion ratio was calculated and corrected for mortality. On day 41, five birds per treatment (20 birds total) were euthanized by cervical dislocation, coded, weighed individually, abdominal cavity opened and representative samples of the thigh and breast muscles (skinless), liver, kidney and skin (with adhering fat) were removed and stored in polyethylene bags frozen at −20˚C immediately. i.e. breast, thigh, skin, kidney and liver [29] . In this method, fat and fatty acids are extracted from the breast tissue by hydrolytic methods. Samples of chicken tissues (liver, kidney, breast and thigh) were defrosted overnight in a refrigerator (4˚C) and ground thoroughly using a mortar and pestle. 
Statistical Analysis
Performance and tissue data were analyzed by the general linear model proce- 
Results and Discussion
Test Article Analysis and Zootechnical Performance
The test article, AURA, used in this study primarily consisted of 70.2 g crude fat/100 g DM biomass and was composed of a significant level of palmitic acid and DHA, 35.97% and 17.04% respectively (Table 2) . Additionally, the AURA contained 13.1% crude protein, 3.2% ash and 2.2% moisture. The eicosapentaenoic acid (EPA; C20:5 n-3) content was low at 0.21%. The total omega 3 and omega 6 isomers measured in AURA were 17.6% and 4.5%, respectively. Supplementation with AURA did not affect the various performance parameters measured, with no difference between the groups observed in health, mortality, weight, feed intake or feed conversion ratio observed over the course of the experiment (data not presented). The average final weight of the broiler chickens on day 41, across treatment, was 3.59 kg with a FCR of 1.66.
Enrichment of Meat and Organ Tissues
The mean DHA content detected in the breast, thigh, liver and kidney and skin with adhering fat for each treatment group is presented in [20] . The dietary addition of 0.5% AURA, providing 0.85 g DHA/kg diet, increased the DHA of breast meat 12.4X to 188.6 mg/100 g fresh meat. At the highest inclusion level in our study, 2.5% AURA providing 4.25 g DHA/kg diet, improved the DHA content of the breast meat to 445.4 mg/100 g fresh edible meat. However, the literature is inconsistent at higher inclusion levels, Mooney and co-workers [30] reported a significantly lower concentration, 109 mg DHA/100 g fresh breast meat, after feeding a 2.8% Schizochytrium sp.
biomass for the 4-week grower phase of the production cycle. Rymer and coworkers provided 7.5 g DHA/kg diet over the grower period and reported 187 mg/100 g fresh breast meat [20] whilst Ribeiro and co-workers reported a 12.9X increase in breast DHA over the control [32] . Long and coworkers [33] found the opposite in their study, where a 2% microalgae supplementation resulted in a level of 5710 mg/100 g fresh breast meat.
The Control thigh meat (dark) averaged 16.2 mg/100 g fresh edible tissue and in general agreement with previous findings, 9 -24 mg/100 g fresh edible tissue
[15] [20] and [31] . and finally the differences between method of analysis and the time between sampling and analysis. Prior to our study, Dillon and co-workers [29] had validated the AOAC 996.06 method for analysis of DHA in the different poultry tissues. Their findings highlighted the necessity to analyze samples close to time of sampling and not to leave frozen for more than 3 months and in some cases the stability at −20˚C was very short with DHA loss appearing a within a month of storage.
This study shows the possibility of efficiently feeding broilers a source of sustainable n-3 FA (DHA) thereby producing a healthier DHA-enriched meat. An enriched poultry meat product that redresses nutritional imbalances in today's diet [14] , with associated nutritional health claims [39] and with a lower greenhouse gas impact than other animal protein products (beef, pig etc) [40] is attractive for the modern educated consumer. Future work will need to look at the optimization of supplementation through back titrating the dose, length of time to feed and an economic cost evaluation along the production cycle. The current study only investigated the enrichment of tissue DHA but a more complete evaluation of the fatty acid profile of the meat including the contribution of docosapentaenoic acid (C22:5 n-3) and the omega-6/omega-3 ratio would be beneficial for the human nutritionist and consumer to evaluate the healthfulness of the chicken meat [15] [41]. Finally, a study investigating oxidative stability of the meat and consumer acceptability will need to be performed.
Conclusion
In conclusion, the dietary supplementation of an unextracted DHA-rich Aurantiochytrium limacinum biomass to a broiler diet for the entire production cycle (41 days) resulted in the significant and efficient transfer of DHA to the fat of the muscle, skin and organs, thereby improving the nutritional quality of the tissues for human consumption.
